Na
ϩ influx; fiber type; tetrodotoxin; ouabain; Na ϩ -K ϩ -ATPase pump; Cav1.1; SOCE; Ca 2ϩ entry HYPERKALEMIC PERIODIC PARALYSIS (HyperKPP) is an autosomal dominant disease with complete or nearly complete penetrance caused by mutant variants of the skeletal muscle Na ϩ channel, NaV1.4 (13) . Muscles in HyperKPP often exhibit paralytic attacks during a resting period that follows strenuous exercise, fasting, and potassium ingestion (3, 19, 21, 23) . Affected individuals generally do not complain of muscle stiffness, but myotonic discharges are detected in 75% of cases (23) . Weakness during attacks is prominent in the limbs (3, 13) and can incapacitate patients such that they are confined to bed. The attacks may be short and frequent in childhood and can become longer and more severe during adolescence (3, 13, 21) . Although paralysis is typically associated with increased plasma [K ϩ ] (6 -8 mM), some individuals may be normokalemic during attacks (13, 21, 23) . Available treatments to reduce attack frequency or severity are either not always or not fully effective; they may also lose effectiveness over time and do not address the later development of fixed myopathy (10, 23) .
It is now well established that HyperKPP is linked to missense mutations in the SCN4A gene that encodes for the ␣-subunit of NaV1.4, the Na ϩ channel isoform expressed in skeletal muscle (14, 23) . Other excitable tissues, such as cardiac muscle and neurons, are not affected by mutations of the SCN4A gene because they express other Nav isoforms; i.e., cardiac muscles express NaV1.5, while neurons express NaV1.1-NaV1.3 and NaV1.6-NaV1.9 (14) . Most (ϳ70%) of the HyperKPP cases result from two mutations: threonine to methionine (T704M) and methionine to valine (M1592V); the remaining cases (ϳ30%) are due to seven other mutations (23) . In one retrospective study, patients with the T704M mutation usually suffered their first paralytic attack before the age of 1 yr, and the frequency varied from 8 to 42 attacks per month. In comparison, patients with the M1592V mutation suffered their first attack later (ϳ5 yr old) and less frequently (5-6 attacks per month). The mean duration of the paralysis was about 10 times longer for the M1592V mutation than for the T704M (89 vs. 8 h), with maximum duration as long as 7 days for both mutations (23) .
The T704M and M1592V mutations shift the steady-state activation curve of the NaV1.4 channel toward a more negative membrane potential and also shift the steady-state slow inactivation curve toward a less negative membrane potential (12, 17) . The mutated NaV1.4 channels also enter a noninactivating mode upon membrane depolarization at elevated extracellular K ϩ concentration ([K ϩ ] e ) (6) . As a result of these perturbations, resting HyperKPP muscles have a more depolarized membrane potential and greater Na ϩ influx compared with wild-type muscles (9, 19) .
The membrane depolarization associated with the shift in steady-state activation and slow inactivation curve increases the possibility of action potentials being generated in the absence of motor neuron activation leading to myotonic discharges (21) . The K ϩ efflux associated with action potentials then increases [K and appears to be high enough to inactivate enough Na ϩ channels to cause paralysis.
HyperKPP patients rarely suffer from respiratory distress (3), which would be expected to occur if the diaphragm also developed paralytic attacks. There are, however, a few cases of respiratory distress (3, 11) . This is rather surprising because the diaphragm expresses NaV1.4 channels (35) to levels that are almost as high as in extensor digitorum longus (EDL) muscle and more than twofold greater than in soleus (15) , two muscles that suffer from HyperKPP symptoms in terms of increased Na ϩ influx, membrane depolarization, and low force generation, especially at elevated [K ϩ ] e (9, 16) . To fully characterize the disease mechanisms and to be able to develop more effective pharmacological treatments for HyperKPP, we need to understand how the disease differentially affects various muscle subtypes and especially why some are spared from episodic attacks.
It is now established that significant changes in gene expression occur in HyperKPP compared with wild-type muscles such as the shift toward greater expression of myosin IIA (16) . We hypothesized that either the expression of the NaV1.4 channel or the Na ϩ influx is altered in HyperKPP diaphragm compared with limb muscles, in a manner that may protect from symptoms. To test this hypothesis, we measured NaV1.4 protein content, Na ϩ influx, contractility in vitro, and expression of myosin isoforms (assuming that the more affected a muscle is, the greater the changes in myosin isoform expression). Four muscles were examined: EDL, soleus, diaphragm, and flexor digitorum brevis (FDB). The latter muscle was included because in the course of our experiments it became evident that this muscle was even less affected than diaphragm. The results show that indeed the lack of symptoms in FDB was related to lower NaV1.4 channel content and Na ϩ influx compared with other muscles. However, this explanation did not apply to HyperKPP diaphragm.
METHODS AND MATERIALS

Animals, Muscle Bundle, and Single Fiber Preparation
HyperKPP mice [strain FVB.129S4(B6)-Scn4a tm1.1Ljh /J, Jackson Laboratory #011033] were generated by knocking in the equivalent of human missense mutation M1592V into the mouse genome; i.e., at position 1585 (16) . The homozygous mutants generally do not survive beyond postnatal day 5, so knock-in mice were maintained as heterozygotes by crossbreeding with FVB mice for Ͼ10 generations. Mice were fed ad libitum and housed according to the guidelines of the Canadian Council for Animal Care. The Animal Care Committee of the University of Ottawa approved all experimental procedures used in this study. Prior to muscle excision, 1 to 4 mo old mice were anesthetized with a single intraperitoneal injection of 2.2 mg ketamine/0.4 mg xylazine/0.22 mg acepromazine per 10 g of animal body wt and killed by cervical dislocation.
For Western blots, EDL, soleus, FDB, and whole diaphragm muscles were used. For Na ϩ influx and contractility measurements, FDB fiber bundles controlling the 4th digit were dissected as described by Cifelli et al. (8) ; whole EDL and soleus and 5-7 mm wide diaphragm strips were used. For myosin immunohistochemistry, diaphragm strips and whole EDL, soleus, and FDB were used. Some experiments were also conducted on single FDB muscle fibers that were dispersed by trituration following a collagenase treatment as described by Cifelli et al. (8) .
Genotyping
A 2 mm tail piece was incubated overnight with 500 l tail digestion buffer (0.2 mM Na2EDTA and 25 mM NaOH, pH 12.3) and 50 l Proteinase K (1 mg/ml) at 56°C. DNA extraction involved the addition of 650 l of 1:1 phenol-CIA [chloroform-isoamyl alcohol (24:1 vol/vol)] and centrifugation at 12,000 g for 10 min. Twice we added 650 l of CIA to the pellet and centrifuged it before suspending the resulting pellet in 750 l of isopropyl alcohol. After 10 min, the solution was centrifuged 15 min at 15,000 g. The alcohol was removed, and the pellet suspended in 750 l 70% ethanol and centrifuged. After the alcohol was removed, the pellet was let to dry 30 min prior to addition of 200 l TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and incubated at 65°C for 2 h. PCR was then completed with the previously extracted DNA and the following primers: NC1F (forward), 5= TGT CTA ACT TCG CCT ACG TCA A 3=; NC2R (reverse), 5= GAG TCA CCC AGT ACC TCT TTG G 3=.
PCR products were digested for 6 h with the restriction digest enzyme NspI. The mutation that is knocked in to the HEPP mice causes the removal of one NspI cut site that is easily detected by agarose gel electrophoresis; two bands were visualized for wild-type mice, which carry the cut site on both alleles, and three bands were seen for heterozygous HyperKPP mice harboring one normal allele and one mutant allele.
Western Blots Of NaV1.4 Channels
Muscles were homogenized in buffer containing (in mM): 50 Tris, 150 NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail, pH 8.0. Homogenates were kept 10 min on ice and then centrifuged for 15 min at 16,000 g and 4°C.
Protein concentration was determined in supernatants by the BC assay method (Thermo Scientific). We resolved 40 g of proteins on a 6% of acrylamide gel at 100 V and then transferred that onto nitrocellulose membranes (Bio-Rad Laboratories Miniprotean III apparatus). Total protein contents on membrane were verified with Ponceau S (MP Biomedicals). Membranes were blocked overnight at 4°C with 5% skim milk powder in phosphate-buffered solution (PBS) containing 0.1% Tween, washed three times (10 min each) with PBS, and incubated 2 h with rabbit anti-NaV1.4 (1:200 dilution, Alomone Labs, Jerusalem, Israel) in the presence of 5% skim milk, 1% bovine serum albumin (BSA) in PBS. Membranes were washed three times (10 min each) with PBS and incubated 1 h with horseradish peroxidaseconjugated goat anti-rabbit antibody (Jackson ImmunoResearch Laboratories) diluted 1:10,000 in 5% skim milk in PBS. Bands were visualized by chemiluminescence using the ECL kit (PerkinElmer) on Cl-X Posure film (Thermo Scientific). Films (Cl-XPosure film, Thermoscientific) were scanned (MP 600 Cannon PIXMA) and quantified using Image J (US National Institutes of Health). Normalizing the NaV1.4 protein content to the ␤-actin content is not feasible when measuring differences between muscles. However, as stated in the DISCUSSION, the relative differences between all four wild-type muscles were as expected from other studies in which the Na ϩ channel density was measured with radioactive tracers or current measurements. So, none of the measurements of NaV1.4 protein content were normalized to ␤-actin protein content.
Physiological Measurements
Solutions. Control solution contained (in mM): 118.5 NaCl, 4. were prepared by the addition of the appropriate amount of KCl, CaCl 2, or NiCl2, respectively. We prepared tetrodotoxin (TTX, an Na ϩ channel blocker) and ouabain (Na ϩ -K ϩ pump inhibitor, Sigma) by adding them directly in the control solution. BTP-2, (a blocker of stored-operated Ca 2ϩ entry or SOCE blocker, Sigma) was first dissolved in 100% DMSO and sonicated 5 min before being added to the physiological solution, which was also sonicated 5 min to make sure BTP-2 remains in solution; the final concentrations of BTP-2 and DMSO were, respectively, 20 M and 0.1% (vol/vol). All solutions were continuously bubbled with 95% O 2/5% CO2 to maintain a pH of 7.4. Experimental temperature was 37°C.
22 Na ϩ influx. Muscles were mounted vertically into chambers consisting of methyl acrylate cuvettes. Muscles were equilibrated 30 min in 2 ml physiological solution before being incubated 10 min with 2 Ci/ml 22 Na ϩ . Extracellular 22 Na ϩ was washout out as described by Clausen et al. (9) . In brief, muscles were bathed once for 5 min and three times for 15 min in Na ϩ -free solutions containing (in mM) 10 mM HEPES, 280 mM sucrose, 500 nM TTX, pH 7.4. TTX was added to prevent loss of intracellular 22 Na ϩ during washout, especially in HyperKPP muscles. The washing period consisted of three 15 min long washes, which was long enough to remove all extracellular 14 C-sucrose in another experiment (data not shown). 22 Na ϩ was counted with an LKB Wallac gamma counter (1282 Compugamma).
Force measurement. Muscles were positioned horizontally in a Plexiglas chamber. One end of the muscle was attached to a force transducer (model #400A, Aurora Scientific), while the other end was fixed to a stationary hook. Flow of physiological solution below and above muscles was maintained at a total of 15 ml/min. Muscle length was adjusted to give maximal tetanic force. Electrical stimulations were applied across two platinum wires (4 mm apart) located on opposite sides of the fibers. They were connected to a Grass S88 stimulator and a Grass SIU5 isolation unit (Grass Technologies/AstroMed). Tetanic contractions were elicited with 200 ms trains of 0.3 ms, 10 V (supramaximal voltage) pulses. Stimulation frequencies were set to give maximum peak tetanic force, being 140 Hz for soleus and 200 Hz for EDL, FDB, and diaphragm. For all experiments, tetanic contractions were elicited every 100 s.
Force transducers were connected to a KCP13104 data acquisition system (Keithle), and data were recorded at 5 kHz. Parameters of the tetanic contraction were later analyzed with a computer. Peak tetanic force was defined as the maximal force developed while muscles were electrically stimulated and was calculated as the difference between the maximum force during a contraction and the baseline force measured 5 ms before stimulation.
[ ]i) and sarcomere length were measured in single FDB muscle fibers. Fibers were loaded with Fura-2 by exposure for 30 min at 37°C to 5 M Fura-2AM (Molecular Probes) dissolved in culture minimum Earl's medium (Invitrogen) containing 0.1% (vol/vol) DMSO. After transferring coverslips to a chamber (model RC-25, Warner Instruments), we superfused fibers with saline solution at a rate of 2-3 ml/min, while temperature was maintained with a dual-channel heater (model TC-344B, Warner Instruments), one channel heating the incoming fluid and the other heating the chamber itself. [Ca 2ϩ ]i and sarcomere length was measured with a fluorescent and contractility device (IonOptix). We monitored [Ca 2ϩ ]i by illuminating fibers alternately at 340 and 380 nm and measuring fluorescence at 505 nm at a sampling rate of 200 Hz. Sarcomeres were visualized with a Digital CCD video (MyoCam-S), and light intensities of the A and I bands were monitored along the length of the fiber. Using a Fourier analysis, we transformed light intensities into a power spectrum, which gave a major peak; from the frequency of that peak and using a calibration, we measured changes in sarcomere length at a sampling rate of 250 Hz.
Myosin Immunohistochemistry
Immunohistochemical analysis was used to determine the expression of the different myosin isoforms. Serial cross sections were double-stained with rabbit anti-laminin antibody (Sigma) and one of mouse monoclonal anti-MHC I (A4.840), IIA (SC-71), IIB (BF-F3), or IIX (6H1) antibodies (Developmental Studies Hybridoma Bank). Anti-laminin antibody was used to better identify boundaries between individual fibers. For myosin MHC-I, MHC-IIA, and MHC-IIB staining, slides were placed 15 min at 37°C on a slide dryer before being rinsed 3 min in PBS. Sections were blocked 1 h in a humid chamber with 0.5% BSA in PBS before being exposed 2 h to primary antibodies in a humid chamber. Sections were rinsed in PBS three times (5 min each time) before a 45 min incubation at 37°C in a humid chamber for 2 h with secondary antibodies diluted in Triton-X 100. Secondary antibodies were: rhodamine-conjugated goat anti-rabbit IgG for laminin, FITC-conjugated goat anti-mouse IgG for myosin IIA, and IgM for myosin I and IIB. Sections were rinsed three times in PBS, mounted with antifade reagent, and stored at Ϫ80°C until viewed. Control sections were also stained without the primary antibody to test for nonspecific secondary antibody binding.
For MHC-IIX, the staining protocol was slightly modified to enhance primary antibody binding and block nonspecific binding. After sections were thawed on the slide dryer, they were fixed in 100% ethanol for 5 min and then rinsed in PBS that was kept at pH of 7.4. Sections were blocked with 5% horse serum (HS) in PBS and incubated overnight at 4°C with anti-myosin IIX. Sections were rinsed three times in PBS (5 min each time) and incubated 1 h with FITC-conjugated goat anti-mouse IgM diluted in 5% HS blocking solution. Sections were rinsed in PBS, mounted with antifade reagent, and kept at Ϫ80°C until viewed.
Statistical Analysis
Data are presented as means Ϯ SE. ANOVA was used to determine significant differences. Split plot ANOVA designs were used when muscles were tested at all time levels. ANOVA calculations were made with version 9.2 General Linear Model procedures of the Statistical Analysis Software (SAS Institute, Cary, NC). When a main effect or an interaction was significant, the least square difference was used to locate the significant differences (27) . The word "significant" refers only to a statistical difference (P Ͻ 0.05).
RESULTS
NaV1.4 Content
Skeletal muscles from heterozygous HyperKPP mice harboring one normal and one mutant SCN4A allele previously were shown to express mRNAs encoding both normal and mutant NaV1.4 channels (16) . However, the absence of antibodies or toxins specific for the mutant channel precludes a direct measurement of the normal vs. mutant NaV1.4 channel contents. Alternatively, we sought to 1) determine whether the presence of the mutant channel alters the total NaV1.4 content and 2) define the relative differences in Na channel contents between muscles. HyperKPP EDL, soleus, diaphragm, and FDB all had significantly lower NaV1.4 protein content compared with their wild-type counterpart, the content in Hyper-KPP muscles varying between 54 and 73% of the content in wild-type muscles (Fig. 1) . Of all four muscles, both wild-type and HyperKPP EDL had the largest NaV1.4 channel protein content (Fig. 2) . The content in diaphragm was 71% of EDL for wild-type and 76% for HyperKPP. Soleus and FDB had the lowest content, being, respectively, 31 and 25% of the EDL for wild-type and 32 and 24% for HyperKPP. So, while HyperKPP muscles contained fewer NaV1.4 channels than wild-type muscles, the differences in NaV1.4 channel contents are of the same order for wild-type and HyperKPP muscles; i.e., EDL Ͼ diaphragm ϾϾ soleus ϳ FDB.
Na ϩ Influx
A major physiological consequence of the M1592V mutation is a significant increase in TTX-sensitive Na ϩ influx even when muscles are at rest (9) . We therefore measured the extent to which that mutation affects Na ϩ influx at rest to best understand how the M1592V mutation might influence contractility in different muscles. For wild-type mice, diaphragm had the highest total Na ϩ influx (i.e., no TTX) followed by EDL and soleus (Fig. 3) . For these muscles, adding 500 nM TTX barely reduced Na ϩ influx by 19 -62 nmol·g wet weight Ϫ1 ·min Ϫ1 . Total Na ϩ influxes were significantly greater in HyperKPP than in wild-type EDL, diaphragm, and soleus. Adding 500 nM TTX significantly reduced Na ϩ influx in all three HyperKPP muscles to levels similar to those observed in TTX-exposed wild-type muscles. TTX-sensitive Na ϩ influxes in HyperKPP diaphragm were ϳ21% greater than in Hyper-KPP EDL and soleus. Interestingly, both total and TTXsensitive Na ϩ influxes were very small in HyperKPP FDB and were not significantly different from wild-type FDB. So, the order of the TTX-sensitive Na ϩ influx in HyperKPP muscles is diaphragm Ͼ EDL ϳ soleus ϾϾϾ FDB, which is quite different from the order for NaV1.4 channel content given above.
Muscle Contractility
The large Na ϩ influx in HyperKPP muscles is responsible for the membrane depolarization, and the force depression is due to the depolarization-induced Na ϩ channel inactivation (9) . Thus, the aim here was to measure the capacity of Hyper-KPP muscles to generate tetanic force in normal and at high [K ϩ ] e and determine whether it correlates with the TTXsensitive Na ϩ influx. Skeletal muscles have different K ϩ sensitivities. For example, the [K ϩ ] e at which twitch and tetanic force start to decrease is lower in soleus than EDL (4, 32 , a value that is significantly greater than the 8 N/cm 2 generated by HyperKPP EDL (Fig. 4A ). The decreases in mean peak tetanic force during the subsequent 30 min equilibrium period were on average 1 and 0.5 N/cm 2 for wild-type and HyperKPP EDL, respectively (i.e., the differences in forces between time Ϫ30 and 0 min ; horizontal black bars represent the time muscles were exposed at 11 mM (EDL) and 10 mM (soleus, as explained in text); vertical lines represent the SE of 5 muscles. §Mean peak tetanic forces were significantly different from that at time 0 min, *All mean peak tetanic forces of HyperKPP EDL were significantly different from those of wild type, ANOVA, and LSD, P Ͻ 0.05. †Mean peak tetanic force at 2.4 mM Ca 2ϩ were significantly different from those at 1.3 mM, ANOVA, and LSD, P Ͻ 0.05.
Diaphragm. An increase in [K ϩ ] e from 4.7 to 10 mM resulted in small decreases in peak tetanic force for all wildtype diaphragms and most (6 out of 8) HyperKPP diaphragms as shown with an example in Fig. 5A . There were, however, two HyperKPP diaphragms that generated a normal force at 4.7 mM K ϩ , while at 10 mM they lost all capacity to generate tetanic force upon stimulation within 5 min while developing a strong contracture (Fig. 5B) . Upon a return to 4.7 mM K ϩ , diaphragm relaxed as the contracture force decreased back to zero, but there was no recovery to generate tetanic force upon stimulation. The mean peak tetanic force measurements of wild-type and HyperKPP diaphragm were, respectively, 11 and 7 N/cm 2 and were not significantly different (Fig. 5C ). Raising [K ϩ ] e to 10 mM reduced mean force of six of eight diaphragms by 2 N/cm 2 (21%), which was actually smaller than the 3 N/cm 2 (27%) for wild type (Fig. 5C) ] e to 4.0 mM had no effect (Fig. 6B) . We obtain a large number of viable single fibers from FDB following a collagenase treatment. If HyperKPP FDB fibers are more depolarized than wild-type fibers as reported for EDL (9) , then one should expect higher thresholds for contractions in HyperKPP fibers. This was not observed as wild-type and HyperKPP FDB single fibers had similar threshold values (Fig. 6C) . We often observed with HyperKPP EDL and soleus sudden contractures possibly related to myotonic discharges (data not shown). 
Fiber Type Composition
It is known that HyperKPP muscles have more fibers expressing myosin IIA isoform than wild-type muscles (16) . Here, the objective was to determine which muscles have significant changes in myosin isoform expression with an emphasis on whether HyperKPP muscles that had the smallest contractility defects in vitro (i.e., diaphragm and FDB) also had the smallest changes in myosin expression. Several muscle fibers express more than one myosin isoform; the numbers can be as high as 20 -25% in EDL and soleus and 70% in FDB (2). Therefore, for this study, we report our results in terms of the number of fibers expressing each of the four myosin isoforms as opposed to the number of type I, IIA, IIB, and IIX fibers per se.
HyperKPP EDL muscles had the same number of fibers expressing myosin I and IIX compared with wild-type EDL (Fig. 7A) . However, 49% of HyperKPP EDL fibers expressed myosin IIA, a percentage that was significantly greater than the 19% in wild-type EDL. The number of HyperKPP EDL fibers expressing myosin IIB was significantly lower by 15% compared with wild-type EDL. Significant differences in myosin expression were also observed for soleus (Fig. 7B) . That is, the number of HyperKPP soleus fibers expressing myosin I was 9% greater and the number of those expressing myosin IIA was 8% lower compared with wild-type soleus. No significant difference was observed for diaphragm and FDB muscles (Fig.  7, C and D) . (2) diaphragms. There was no significant difference in mean peak tetanic force between wild-type and HyperKPP diaphragm, ANOVA P Ͼ 0.05. §Mean peak tetanic forces were significantly different from that at time 0 min (observed only for wild-type diaphragm). †Mean peak tetanic forces at 2.4 mM Ca 2ϩ were significantly different from those at 1.3 mM Ca 2ϩ (only for HyperKPP muscles) ANOVA and LSD, P Ͼ 0.05.
Effect of Ouabain
Increasing the activity of the Na ϩ -K ϩ pump activity helps restoring normal contractility in HyperKPP mouse muscle and in preventing paralytic attack in human patients (9, 10, 31). We therefore tested how different HyperKPP muscles depend on the pump activity to sustain normal contractility compared with wild-type muscles. Addition of 10 M ouabain had small effects on tetanic force of wild-type soleus, diaphragm, and FDB, causing 12-17% decrease in force within 30 min (Fig. 8A) . Only wildtype EDL was largely affected, as ouabain caused a 61% decrease followed by a recovery when ouabain was washout out. Like its wild-type counterpart, HyperKPP FDB was not affected by the presence of ouabain (Fig. 8B) . However, significant force losses were observed for HyperKPP EDL, soleus, and diaphragm, and the losses occurred while [K ϩ ] e was kept at 4.7 mM. Peak tetanic force decreased to almost zero for HyperKPP EDL and soleus. HyperKPP diaphragm was less affected as the tetanic force decreased by 69%.
Furthermore, upon removal of ouabain, only the diaphragm recovered substantial tetanic force, while HyperKPP EDL and soleus showed only minimal recovery.
Effects of Ni 2ϩ and BTP-2
The improvement of force generation by increases in [Ca 2ϩ ] e is not unique to HyperKPP muscles. It is also observed in wild-type muscles exposed to 10 -11 mM K ϩ , except that [Ca 2ϩ ] e must be raised to 10 mM (5), while increases to 2.3-4.0 mM Ca 2ϩ have no effect (this study). Both wild-type muscles at 10 -11 mM K ϩ and HyperKPP muscles at 4 mM K ϩ exhibit significant membrane depolarization (9, 32) . Such depolarization reduces 1) Ca 2ϩ entry via L-type Ca 2ϩ channels (CaV1.1 channels) during the initiation of muscle contraction and maintenance of the plateau phase during a tetanus (7), and 2) stored operated Ca 2ϩ entry (SOCE), which helps replenish Ca 2ϩ sarcoplasmic reticulum content from extracellular source E) . There was no significant difference in mean peak tetanic force between wild-type and HyperKPP FDB and between 1.3 and 4.0 mM Ca 2ϩ , ANOVA, P Ͼ 0.05. §Mean peak tetanic forces were significantly different from that at time 0 min, ANOVA, and LSD, P Ն 0.05. (20) . We therefore tested the possibility that Ca 2ϩ entry in HyperKPP muscles is increased via either pathway as a potential mechanism for the force increase by Ca 2ϩ . To test this possibility we first exposed wild-type and HyperKPP muscles to 5 mM Ni 2ϩ , which blocks both pathways (18, 20) . The experimental protocol was as described by Thornton et al. (29) with a [Ca 2ϩ ] e of 2.4 mM. Exposing EDL to Ni 2ϩ first caused a sudden increase in force followed by a decrease (Fig. 9A) . Prior to the removal of Ni 2ϩ , mean peak tetanic forces of wild-type and HyperKPP EDL were, respectively, 71 and 52% of the mean force at time 0 min; the 19% difference being significant at P ϭ 0.06. The sudden increase in tetanic force upon exposure and removal of Ni 2ϩ was not observed with soleus, diaphragm, and FDB. Ni 2ϩ decreased peak force to a significantly greater extent in HyperKPP than in wild-type soleus as mean peak forces decreased to 63 and 40%, respectively (Fig. 9B ). Ni 2ϩ also reduced peak force in diaphragm and FDB, but with no significant difference between wild type and HyperKPP (Fig. 9, C and D) .
Next, we tested the effects of 20 M BTP-2, a known blocker of SOCE (29) . For EDL, a sudden increase in force was also observed upon exposure to and removal of BTP-2 but to a lesser extent compared with the Ni 2ϩ effect (Fig. 10A) . Interestingly, the subsequent decrease in peak force was significant in wild-type but not in HyperKPP EDL. BTP-2 caused decreases in peak force in soleus without any difference between wild type and HyperKPP (Fig. 10B) . BTP-2 caused greater decreases in peak force in HyperKPP than in wild-type Fig. 7 . Significant changes in myosin expression occurred in HyperKPP EDL and soleus but not diaphragm and FDB. Many fibers expressed more than 1 myosin isoform. Here, the number of fibers represents how many fibers expressed each of the 4 myosin isoforms (and not the number of type I, IIA, IIB, and IIX fibers). The numbers of fibers are expressed as a percentage of the total number of fibers. Vertical bars represent the SE of 5 muscles. *Significantly different from wild-type muscle. Fig. 8 . Ouabain depressed peak tetanic force in HyperKPP EDL, soleus, diaphragm, and in wild-type EDL, while both wild-type and HyperKPP FDB were unaffected. Peak tetanic force is expressed as a percentage of the force at time 0 min. Horizontal black bar represents the time muscles were exposed to 10 M ouabain. Vertical bars represent the SE of 5 muscles. *Mean peak tetanic force significantly different from that of diaphragm; §when the force depression became significant different from 100% until the 55th min or as indicated by the horizontal line; †when the force of HyperKPP muscles became significantly different from the force in wild-type muscles; in all cases the differences remained significant until the 55th min. diaphragm and FDB, but significant differences were only observed for diaphragm (Fig. 10, C and D) . Finally, contrary to the Ni 2ϩ effects, removal of BTP-2 was not followed by an increase in force toward pre-exposure values.
DISCUSSION
The major findings of this study are: 1) HyperKPP muscles contained fewer NaV1.4 channels than wild-type muscles; 2) for HyperKPP, NaV1.4 channel protein content was in the order of EDL Ͼ diaphragm ϾϾ soleus ϳ FDB muscles, 3) whereas the TTX-sensitive Na ϩ influx was in the order of diaphragm Ͼ EDL ϳ soleus ϾϾϾ FDB; 4) HyperKPP EDL and soleus had the largest contractile defects in vitro, while the defects were of smaller magnitude in most diaphragms and nonexistent in FDB; 5) ouabain caused large decreases in force in HyperKPP EDL ϳ soleus Ͼ diaphragm, but not in FDB; and 6) significant changes in myosin isoform expression occurred in HyperKPP EDL and soleus, but none in diaphragm and FDB. Fig. 9 . Ni 2ϩ reduced peak tetanic force to a greater extent in HyperKPP than wild-type EDL and soleus, while no difference was observed for diaphragm and FDB. EDL and FDB muscles were stimulated with train of pulses at 120 Hz every 2 min, while soleus and diaphragm were stimulated with train of pulses at 100 Hz every min. [Ca 2ϩ ]e was 2.4 mM for all muscles. Horizontal black bars represent the time during which muscles were exposed to 5 mM Ni 2ϩ . Vertical bars represent the SE of 5 muscles. §Mean peak tetanic force significantly different from time 0 min. *Mean peak tetanic force of HyperKPP muscles significantly different from the mean value for wild-type muscles, ANOVA, LSD, P Ͻ 0.05. Fig. 10 . BTP-2 reduced peak tetanic force to a greater extent in HyperKPP than wild-type diaphragm, while no difference was observed for EDL, soleus, and FDB. EDL and FDB muscles were stimulated with train of pulses at 120 Hz every 2 min, while soleus and diaphragm were stimulated with train of pulses at 100 Hz every min. [Ca 2ϩ ]e was 2.4 mM for all muscles. Horizontal black bars represent the time during which muscles were exposed to 20 M BTP-2. Vertical bars represent the SE of 5 muscles. §Mean peak tetanic force significantly different from time 0 min. *Mean peak tetanic force of HyperKPP muscles significantly different from the mean value for wild-type muscles, ANOVA, LSD, P Ͻ 0.05.
NaV1.4 Channel Content and Na ϩ Influx in HyperKPP Muscles
The relative differences in NaV1.4 channel protein content between wild-type EDL, diaphragm, and soleus, measured in this study, were similar to those reported in 3 H-labeled saxitoxin (an Na ϩ channel blocker) binding studies (15) . Furthermore, Na ϩ current density near the motor end plate is greater in FDB than soleus, but away from the plate the current density is the same (24) . Since the motor end plate comprises a very small part of the cell membrane, it is therefore not surprising that soleus and FDB had similar NaV1.4 channel content. So overall, while it was not possible to normalize the NaV1.4 channel content relative to that of ␤-actin because the expression of the latter differs between muscles, our Western blot analysis of NaV1.4 channel protein content in wild-type muscles is in agreement with previous studies. Similarly, the small TTX-sensitive Na ϩ influxes in wild type were in agreement with the fact that TTX causes small membrane hyperpolarizations in EDL (9, 32) , while the greater Na ϩ influx in Hyper-KPP than in wild-type EDL and soleus was as reported in a previous study (9) .
A novel finding of this study is that the M1592V mutation significantly decreased the total NaV1.4 channel content in EDL, soleus, diaphragm, and FDB compared with their wild-type counterparts, while it had no effect on the relative contents of the four muscles, which remained EDL Ͼ diaphragm Ͼ soleus Ͼ FDB. As previously shown, TTXsensitive Na ϩ influx was higher in HyperKPP than wildtype EDL and soleus (9) . This study now reports that the same is observed for diaphragm but not for FDB, which had by far the lowest Na ϩ influx. The Met1592Val mutant mRNA constitutes 42% of the total NaV1.4 mRNA in hindlimb muscles (16) . Although we do not have tools at present to measure the relative amount of normal and mutant NaV1.4 proteins, if a corresponding protein ratio is maintained, then the large TTX-sensitive Na ϩ influx in Hyper-KPP EDL may result from a NaV1.4 content only 23% of that NaV1.4 in wild-type EDL.
Importantly, the TTX-sensitive Na ϩ influx did not simply correlate with the NaV1.4 channel content, as the HyperKPP diaphragm had the largest Na ϩ influx despite having the second highest channel content, while the HyperKPP soleus had similar Na ϩ influx as the EDL with only one-third of the channel content. Several possibilities may explain this observed lack of correlation between channel content and Na ϩ influx. First, the normal and mutant NaV1.4 channels may be expressed on specific muscle membranes in varying ratios not related to mRNA ratio of the normal and mutant alleles. Second, the availability of NaV1.4 channels as reflected by their extent of inactivation may vary among different muscles. Third, other membrane components may contribute to the measured Na ϩ influx in this complex system. From a physiological point of view, the extent of the resulting Na ϩ influx should be a major determinant of the contractile abnormalities associated with the M1592V mutation. This leads to the important additional question of whether the differences in Na ϩ influx between HyperKPP muscles correlate with the differences in contractile abnormalities.
Differences In HyperKPP Symptoms Among Muscles
We used two approaches to document the extent of Hyper-KPP symptoms in various muscles. The first approach was a direct measurement of the contractile defects in vitro. For this approach, we measured the peak tetanic force at 4.7 mM (normal) and high [K ϩ ] e . The depression of force at elevated [K ϩ ] e is due to a membrane depolarization that inactivates NaV1.4 channels. The relationship between force and resting membrane potential is the same between EDL and soleus muscles, but the extent of depolarization following an increase in [K ϩ ] e is greater in soleus (4, 32) . This is why muscles have different sensitivity to the K ϩ -induced force depression. Consequently for this study, we chose a specific elevated [K ϩ ] e of either 10 or 11 mM K ϩ , so the decreases in tetanic force were quite similar between various wild-type muscles (i.e., between 27 and 32%). While concentrations of 10 -11 mM K ϩ are much higher than the 6 -8 mM plasma K ϩ reported during paralytic attacks in human suffering from HyperKPP (13, 28, 31) , it is well established that interstitial [K ϩ ] during exercise is 4 -5 mM above that of plasma [K ϩ ] (22, 25) . Therefore, interstitial [K ϩ ] may reach 10 to 13 mM during the myotonic discharges that precede paralytic attacks. The second approach was indirect by determining any changes in myosin isoform expression. The latter approach was based on the shift toward more fibers expressing myosin IIA in HyperKPP muscles (16) . Periods of myotonic discharge are known to precede the paralytic attacks in individuals with HyperKPP (19, 23) . Under anesthesia, myotonic discharges in muscles of HyperKPP mice have also been reported, but only when the electromyography (EMG) needle is moved (16) . We have also observed with EMG measurements greater electrical activity in muscles of fully awakened HyperKPP mice compared with those of wildtype muscles (D. DeJong and J.-M. Renaud, unpublished results). Such greater electrical activity in the HyperKPP mice is most likely caused by myotonic discharges, which over time would be expected to produce training effects that result in a shift toward more oxidative type IIA fibers. In this study, we observed a correlation between muscles with the most prominent shift in myosin isoform expression (e.g., EDL) and the greatest susceptibility to depressed peak tetanic force.
As previously reported (9, 16), major contractile defects and a major shift in myosin isoform expression were observed for mouse EDL and soleus in HyperKPP mice. Here, we observed that the situation is not the same for HyperKPP FDB and diaphragm muscles. For the FDB, we saw no evidence for any shift in myosin expression nor for a contractile defect in terms of stimulation threshold, tetanic [Ca 2ϩ ] i , peak tetanic force, and sarcomere length; i.e., it appears that the FDB muscle is resistant to the effects of mutant NaV1.4 in this mouse model of HyperKPP.
Most HyperKPP diaphragm had some contractile defects, but the extent was much less than for EDL and soleus. At 4.7 mM K ϩ , HyperKPP diaphragm generated 29% less force than wild-type diaphragm; a value that was smaller than for EDL (74%) and soleus (39%). When [K ϩ ] e was increased, the differences in force between wild-type and HyperKPP increased in EDL (to 93%) and soleus (to 60%) while it actually decreased in diaphragm (to 23%). Also, there was no shift in myosin isoform expression in HyperKPP diaphragm, while there were significant ones in EDL and soleus. It thus appears that diaphragm is relatively spared from the consequences of the HyperKPP mutation under baseline conditions compared with EDL and soleus.
There were two HyperKPP diaphragm muscles that became fully paralyzed at 11 mM K ϩ . It is noteworthy that this behavior is not specific to diaphragm, as we also occasionally observed sudden contractures and paralysis in EDL and soleus that could occur while [K ϩ ] e was normal or elevated (data not shown). These findings are consistent with clinical observations indicating that most HyperKPP patients do not suffer respiratory distress, except for very few cases (3, 11) . Given that the myosin isoform expression did not differ between wild-type and HyperKPP diaphragm, this muscle expressing the mutant NaV1.4 channels may be less likely to develop myotonia and increases in [K ϩ ] e that could otherwise trigger paralytic attacks.
Role of Na
ϩ and Na
in the Differences in HyperKPP Symptoms Among Muscles
Our major objective was to establish how the differences in HyperKPP symptoms between muscles may depend on NaV1.4 channel content and TTX-sensitive Na ϩ influx. In regard to the FDB, it had the lowest NaV1.4 channel content and by far the lowest TTX-sensitive Na ϩ influx of the four muscles tested. The most logical explanation for the lack of HyperKPP symptoms in this muscle is the very low Na ϩ influx. However, the same explanation does not hold for EDL, soleus, and diaphragm.
As discussed above, the differences in tetanic force between wild-type and HyperKPP muscles at normal [K ϩ ] e were greater in EDL compared with soleus (Fig. 4) , which differs from a previous study performed at lower experimental temperature and stimulation frequencies (9) . Furthermore, the shifts in myosin isoform expression were much larger in EDL than in soleus. While the lower shift in soleus may in part be because most fibers already expressed myosin I and IIA, it may also be an indication of lower frequency of myotonic discharge. The greater impairment of contractility in HyperKPP EDL compared with soleus occurred despite the fact that these two muscles had similar TTX-sensitive Na ϩ influx. Moreover, the HyperKPP diaphragm, which had the largest TTX-sensitive Na ϩ influx, showed smaller contractile defects and no shift in myosin isoform expression. We therefore suggest that, while a large Na ϩ influx is important in triggering myotonic discharges and eventually paralysis in HyperKPP muscles (likely via membrane depolarization), the diaphragm may express other membrane components that render it more resistant to depolarization and thereby contribute to protection from paralysis.
As a first step toward understanding the differential vulnerability of specific muscles to paralysis in this model, we determined the importance of the Na ϩ -K ϩ pump for which increased activity can prevent paralytic attacks in HyperKPP patients (9, 31) . For EDL and soleus harboring HyperKPP mutants, exposure to ouabain dramatically reduced tetanic force (Fig. 7) . This suggests that the Na ϩ -K ϩ pump plays a major role in maintaining membrane excitability in those two HyperKPP muscles and is also relevant, albeit to a lesser extent, in the wild-type EDL. In agreement with possible protective mechanisms noted above for the diaphragm, the loss of tetanic force was significantly less in HyperKPP diaphragm compared with the EDL and soleus. Furthermore, mutant diaphragm muscle demonstrated a more rapid recovery of force upon removal of ouabain than EDL and soleus.
Another consideration is that moderate exercise helps to prevent paralytic attacks by unknown mechanisms (13) , and it is possible that continuous activity of the diaphragm may similarly contribute to protection. A final consideration is the diaphragm dependency on extracellular Ca 2ϩ for contraction. Removal of extracellular Ca 2ϩ slightly reduces force generation in EDL and soleus, whereas it completely abolishes contractility in diaphragm within 15 min similarly to cardiac muscle for which contractility is abolished in 5 min (30, 33) . Furthermore, there is evidence for a greater activity of the Na ϩ /Ca 2ϩ exchanger in diaphragm than in hindlimb muscles (33, 34) . When the sarcolemma depolarizes and generates smaller action potential amplitude, contractility may then be less affected in diaphragm than in EDL and soleus because of higher myoplasmic Ca 2ϩ during contraction similar to the observation in cardiac muscle. Upon membrane depolarization of HyperKPP muscles with increased myoplasmic Na ϩ (1, 26), the Na ϩ /Ca 2ϩ exchanger may operate in the reverse mode, increasing Ca 2ϩ influx and force during contractions. Such mechanism could be relevant during the ouabain exposure, which likely caused an increase in myoplasmic Na ϩ in view of the large influx. Under conditions of strong membrane depolarization leading to action potential failure, of course, this mechanism would not be expected to improve diaphragm force. In this case, an excessive depolarization may have inactivated most Na ϩ channels, while activating L-type Ca 2ϩ channels and triggering Na ϩ /Ca 2ϩ exchanger reverse mode, leading to high myoplasmic Ca 2ϩ and thus the observed large contracture. Overall, these findings are consistent with the notion that other membrane components in the diaphragm play important role in modifying the effects of excess Na ϩ influx on excitability.
Ca 2ϩ Entry in HyperKPP Muscles
Increasing [Ca 2ϩ ] e from 1.3 to 10 mM improves force generation in wild-type muscle exposed to elevated [K ϩ ] e (5), while increases to 2.3-4.0 have no effect (this study). However, for HyperKPP muscles, similar increases in [Ca 2ϩ ] e (to 2.3 mM for EDL and soleus, to 4.0 mM for diaphragm) improved force generation even when [K ϩ ] e was 4 mM K ϩ , i.e., HyperKPP muscles depend more on extracellular Ca 2ϩ than wild-type muscles. HyperKPP FDB was the only exception, possibly because it has no defective contractility and thus may have a lower Ca 2ϩ sensitivity similar to wild-type muscles. Our results are also consistent with the fact that administration of calcium gluconate is known to alleviate symptoms in HyperKPP patients (13) .
As mentioned in RESULTS, force improvement by Ca 2ϩ in both wild-type and HyperKPP muscles are observed when the cell membrane is depolarized, a condition that can lower Ca 2ϩ entry via CaV1.1 channels (blocked by Ni 2ϩ ) and SOCE (blocked by Ni 2ϩ and BTP-2). In wild-type EDL, Ni 2ϩ and BTP-2 reduced force to the same extent, suggesting that the force decrease in the presence of either Ni 2ϩ or BTP-2 is related to a lower Ca 2ϩ entry through SOCE as previously suggested (29) . For wild-type soleus, the force depression was 15% greater in the presence of Ni 2ϩ than in the presence of
